Abstract-With the increasing penetration of wind power, reliable and cost-effective wind energy production is of more and more importance. As one of the common configurations, the doubly fed induction generator based partial-scale wind power converter is still dominating in the existing wind farms, and its reliability assessment is studied considering the annual wind profile. According to an electro-thermal stress evaluation, the time-to-failure of the key power semiconductors is predicted by using lifetime models and Monte Carlo based variation analysis. Aiming for the systemlevel reliability analysis, a reliability block diagram can be used based on Weibull distributed component-level reliability. A case study of a 2 MW wind power converter shows that the optimal selection of power module may be different seen from the reliability perspective compared to the electrical stress margin. It can also be seen that the B 1 lifetimes of the grid-side converter and the rotorside converter deviate a lot by considering the electrical stresses, while they become more balanced by using an optimized design strategies. Thus, the system-level lifetime increases significantly with an appropriate design of the back-to-back power converters.
I. INTRODUCTION

W
ITH the increasing penetration of wind power during recent decades, the reliable and cost-effective wind energy production is of more and more importance [1] - [3] . As the modern wind turbine is required to act like the conventional synchronous generator with independent reactive and active power regulation, the power electronics are nowadays playing an important role even to the full-scale of the turbine generator. In order to reduce the cost of the wind power generation, the power rating of the individual wind turbine is up-scaled to 8 MW and even above. However, the feedback from the wind turbine market indicates that the best-seller is still those rated around 2-3 MW, in which the doubly fed induction generator (DFIG) is normally employed together with partial-scale power electronic converters [4] . Another tendency of the wind power development is the popularity of the offshore wind farms, which pushes the wind turbine system to operate with reliable performance due to the high maintenance cost. Reliability and robustness of the system are closely related to its mission profile-the representation of all relevant conditions that the system will be exposed to in all of its intended application throughout its entire life cycle [5] , [6] . The failure usually happens during the overlap between the stress and strength distribution [7] , [8] . The stress is related to the environmental loads (like thermal, mechanical, humidity, etc.), or the functional loads (such as user profiles and electrical operation) [9] - [12] . On the other hand, the strength means the ability to endure such stressors before fatigue occurs (e.g., the boundary between the elastic and plastic deformations in connection with the thermal-mechanical stress). In respect to the power electronic converter, the IGBT power module is commonly regarded as one of the fragile components. The power modules are subjected to a variety of temperature profiles, which cause cyclic thermo-mechanical stress in all the components and joints of the modules and finally lead to device failure. Due to the considerably thermal expansion coefficients difference among the module layers, the bond wires, chip solder joints, and substrate solder joints suffer most from the thermal stress. As discussed in [13] , the lifetime model for the solder joint is based on the time-dependent creep and therefore the cycle period affects the solder joint lifetime. However, the lifetime model for the bond wire is independent with the cycle period, as this model assumes that the immediate plastic deformation leads to fatigue instead of the time-dependent creep. Besides, there are two kinds of thermal cycles in the wind power generation [14] , [15] . One is the loading variation based thermal cycles, which are caused by changing wind speed and ambient temperature with cycle period from seconds to years. The other is fundamental-frequency based thermal cycles ranging from milliseconds to seconds, which are induced by the complementary conduction between the IGBTs and the freewheeling diodes within a fundamental frequency of the ac current through the power converter. Their effects on lifetime consumption have been studied in [14] , and the fundamental-frequency based thermal cycle effects on the chip fatigue are the main focus of this paper.
A typical failure rate curve against the time in the lifecycle of a power electronics product is plotted in Fig. 1(a) , which is composed of three reliability functions and it is known as the "Bathtub curve" [7] . By examining the fitting parameters β 0093-9994 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. in the Weibull reliability functions, three types of failures that are dominant at different stages of the lifecycle can be identified. The first part is dominant by early failures caused by "infant mortality" with a decreasing failure rate (β < 1). The second part is dominant by random failures in the useful life of a product with a constant failure rate (β = 1). The third part is dominant by wear-out failures at the end of life of the product with an increasing failure rate (β > 1). The failure rate determined by using exponential distribution is applied from various handbooks [16] , [17] . This method is simple and inappropriate, considering only the operation period with a constant failure rate but neglecting the wear-out phase. Due to limited failure data provided by manufacturers, only the percentile lifetime can be obtained, which indicates the B X lifetime (X% among the total samples or X% probability of a product will fail at this operational time). As illustrated in Fig. 1(b) , the B X lifetime is merely a particular point without the complete information of the unreliability or failure curve. Under this circumstance, although the B X lifetime of all components in the system is well known, the effect on the system-level reliability from each component cannot be reflected, where the system lifetime is roughly determined by the lifetime of the most fragile component. Consequently, an approach to bridge the gap from the percentile lifetime to the complete reliability curve is highly demanded. In practice, there are parameter variations in the applied components and corresponding lifetime models, and a certain degree of uncertainties in the environmental and operating conditions. Therefore, the time-to-failure of the individual components is distributed within a certain range. The numerical results can be obtained by using Monte Carlo analysis, a broad class of computational algorithms that rely on repeated random samplings [7] . Afterwards, the parameters of the Weibull distribution, which it is a widely used statistical distribution to represent large samples of life data [18] , can be estimated by means of curve fitting. Based on component-level reliability metrics, the systemlevel reliability can be derived by using the reliability block diagram (RBD), the fault tree analysis (FTA), and the Markov Chain (MC) [19] - [25] . In [19] - [21] , the reliability of an interleaved dc/dc boost converter, an induction motor drive, and a PEM fuel cell power plant are evaluated using the MC method. In addition, the RBD approach is used to analyze the reliability of a paralleled inverter system [22] . However, a constant failure rate is applied, which neglects the effects introduced by the wear-out stage. An FTA for the PEM fuel cell is performed in [23] , where again a constant failure rate is assumed. Moreover, this research very seldom considers the mission profile.
The background of this paper is related to the power converter design in a 2 MW DFIG wind turbine, which requires a balanced lifetime between the back-to-back power converters with enhanced system-level reliability. The motivation is to predict the reliability of the power converter at the end of service life to better size the key power modules for the next generation product design. The outcome of the study is used to assist the design phase of product development. The novel aspects of the proposed method of the reliability evaluation are as follows: 1) obtain the time-to-failure distribution of the power module considering parameter variations in both applied components and corresponding lifetime models, and 2) define the new design criteria of power modules seen from the reliability perspective other than the electrical stresses margin.
The structure of the paper is outlined as follows. Section II analyzes the electrical stresses of the DFIG Back-To-Back (BTB) power converters and discusses the possibilities of the power modules selection. Sections III and IV evaluate the reliability of the individual power semiconductor and the BTB power converters with various power module selections. Finally, concluding remarks are drawn in Section V.
II. ELECTRICAL STRESSES AND SELECTED POWER DEVICES
As shown in Fig. 2 , one of the mainstream configurations in the wind turbine market is equipped with the DFIG. Since the rotor-side of the generator only handles the slip power of the stator-side, the partial-scale BTB power converters are employed, which are named as the rotor-side converter (RSC) and the grid-side converter (GSC) due to their positions. Although the same amount of active power flows through the RSC and GSC, the DFIG is normally excited from the rotor-side in order to guarantee a unity power factor to the power grid. Additionally, the various interfacing voltage and operating frequency of the RSC and GSC force different electrical stresses of the used power devices (the IGBT and the diode of the RSC and the GSC: RT, RD, GT, and GD, respectively). As a result, this section is served to analyze the stresses of the power devices and help to select their suitable paralleled numbers for the rated power.
The interfacing voltage and flowing current of the RSC are heavily dependent on the inherent parameters of the DFIG. Neglecting the stator resistance and the rotor resistance, and together with the help of DFIG modeling in the dq reference frame [9] , the relationship between the rotor-side voltage u r and current i r and the stator-side voltage u s and current i s are
where U s denotes the stator voltage, ω 1 denotes the stator angular frequency, L s , L m , and L r denote the stator inductance, magnetizing inductance, and rotor inductance, respectively, σ In respect to the GSC, if a single inductor L g is used as the grid filter, the voltage v g and current i g of the GSC can be expressed as
where U gr denotes the grid voltage. A case study is performed at a 2 MW DFIG system, and the parameters are listed in Table I . It is noted that the switching frequency of the GSC and RSC are both set at 2 kHz, and the dc-link voltage is kept at 1050 V.
In the case that the power curve of the wind turbine follows the maximum power point tracking, the interfacing voltage and flowing current of the BTB power converters can be calculated according to (1)-(4). As shown in Fig. 3 , it is evident that the RSC voltage is much lower than the GSC, as the GSC provides the voltage similar to the power grid, while the generated RSC voltage is roughly the product of the slip and stator voltage over the winding ratio between the stator and the rotor. In addition, the rotor voltage is lowest around the synchronous operation of the DFIG. Due to a much lower voltage of the RSC, it can be expected that the rotor current becomes higher because the same active power flows through the BTB power converters. Moreover, the RSC supports the excitation power from the rotor side, which even imposes on the stress of the rotor current.
In order to the implement common low-voltage power semiconductors existing in the market, the 1 kA/1.7 kV power modules can be used for the BTB power converters. The single half-bridge module can be selected for each arm of the GSC, while two half-bridge modules need to be connected in parallel to ensure a similar current margin between the RSC and the GSC.
III. LIFETIME DISTRIBUTION OF INDIVIDUAL POWER DEVICE
Based on the interfacing voltage and flowing current of the BTB power converters, the thermal stress of the power devices can be evaluated. This section will investigate the componentlevel reliability, where the lifetime estimation and distribution of each power device are in focus. 
A. Lifetime Estimation of Power Devices
The general procedure from the wind turbine specification to the lifetime estimation of power devices is shown in Fig. 4 , which consists of five major steps [12] , [13] . According to the wind turbine specification (e.g., the effective wind speed range, maximum and minimum turbine speed, turbine radius, and rated power), the turbine output power and rotor speed in the relationship with the wind speed can be obtained with the gearbox ratio. On the basis of the DFIG and grid-tied converter models, the voltage, current, and the displacement angle of the power converters can be calculated. Then, the loss dissipation of the power semiconductors can be deduced with the operation conditions of the power device (e.g., the switching frequency and commutation voltage). Afterwards, the junction temperature swing and the mean junction temperature can be anticipated based on the thermal resistance and capacitance of the power device as well as its cooling method. Eventually, the annual damage of the device can be calculated by using the annual thermal cycles, where the annual wind profile is taken into account, over the cycle-tofailure derived from the Bayerer's lifetime model of the power device [26] . Assuming a repetitive annual mission profile, the reciprocal of the annual damage indicates the lifespan of the studied power device.
Due to the limited lifetime data of the power semiconductors, the above calculation is the B 10 lifetime, which means 10% of the power semiconductors fail at the estimated lifetime. Under this circumstance, the lifetime of the power converter can only be determined by the most stressed power device, and the effects of other power semiconductors on the system-level reliability cannot be evaluated. Besides, in the reliability-critical applications, the B 5 or even the B 1 lifetime may be required. However, they cannot be predicted in this condition.
B. Lifetime Distribution of Power Devices
In order to perform the reliability assessment towards the power converter level, an approach to analyze the lifetime distribution of the power device will be addressed and described. The previous discussion gives a B 10 annual damage of power devices, but the uncertainties due to the statistical properties of Since the lifetime data are obtained from the accelerated results based on a specific number of testing samples, there is a certain degree of uncertainty of the derived constant parameters. As mentioned in [26] , the coefficients of the Bayerer's model are fitted by a large number of test data where the power cycles to failure N f are closely related to the junction temperature swing dT j , the mean junction temperature T j m as well as its on-time duration t on . Besides, A, β 1 , β 2 , and β 3 can be obtained according to test data provided by the manufacturer of the device. All the parameters in the lifetime model as stated in (5) are distributed by means of a Normal probability density function (pdf), assuming that A, β 1 , β 2 , and β 3 experience a variation of 5%. It is worth noting that such variations may differ from power semiconductor manufacturers. The second type of uncertainty exists due to variances in the manufacturing process (like the typical, maximum and minimum on-state resistance of the IGBT and the freewheeling diode), which results in the variation of the mean junction temperature and the junction temperature fluctuation. In order to illustrate this, the diode of the RSC is selected as an example. To simplify the varying junction temperature profile around the year, the equivalent static values of the junction temperature swing of the power device can be calculated by the annual average wind speed and its corresponding mean junction temperature as listed in Table II . Similar as the uncertainties in the Bayerer's lifetime model, assuming a variation of 5% of the junction temperature fluctuation and the mean junction temperature, the annual damage distribution can be calculated by using Monte Carlo analysis, as shown in Fig. 5 . As the accuracy of the output distribution depends on sample numbers [7] , 10 000 samplings are chosen in this case study.
It is well known that the time-to-failure data typically follows the Weibull distribution [18] , whose pdf follows:
where η and β denote the scale and shape parameters of the Weibull distribution. As depicted in Fig. 6(a) , the fitting curve of annual damage can be obtained with a scale parameter of 0.0164 and a shape parameter of 2.38. Assuming the repetitive annual mission profile, the probability of the lifetime is distributed as shown in Fig. 6(b) . Then, the unreliability of the power device can be deduced in Fig. 6(c) , which is the integration of the failure pdf. It is noted that 10% and 1% of the diodes in the RSC are predicted to fail after 36 and 13 years of operation, respectively.
With the static equivalent values of each power device as listed in Table II , the lifetime distributions of the key IGBTs and diodes of the BTB power converters are as shown in Fig. 7(a) . It can be seen that the diode of the RSC has the lowest scale parameter of 93.3 due to its shortest static lifespan. By using the integration of the failure pdf, the accumulated failure is then shown in Fig. 7(b) .
IV. SYSTEM-LEVEL LIFETIME PREDICTION OF POWER DEVICES AND POWER CONVERTERS
In this section, the reliability metrics of the power converters can be assessed based on the power device level. Besides, according to thermal stresses of power devices with various paralleled power modules, the effects of power module selection on the system-level reliability design can be investigated as well.
With two low-voltage power modules in parallel of the RSC and a single power module in the GSC, although the power semiconductors in the RSC and GSC almost handle the same amount of the current at the rated power as shown in Fig. 3(b) , their unreliability curves deviate significantly as seen in Fig. 7(b) . In order to improve this issue, more power modules in the RSC can be paralleled, which may reduce the thermal stress of each power device and enhance its lifespan. As shown in Fig. 8 , it is evident that with a higher number of paralleled power modules, the reliability of both the IGBT and diode in the RSC is consider- ably improved. It is worth noting that as the designed lifetime of the power semiconductor is normally less than 30 years, these unreliability curves are meaningful within the designed lifespan. Beyond the 30-year operation, the degradation related to other stressors may become dominant, which results in higher uncertainties of the lifetime prediction.
In order to assess the reliability metrics of the BTB power converters in the DFIG system, it starts with the reliability analysis of the GSC and RSC. The existence of any failed IGBT or diode results in abnormal operation of the power converter, which indicates that all power semiconductors are connected in series in the RBD. As the reliability of the series blocks is the product of all components, the unreliability function of the RSC F RSC or GSC F GSC can be expressed by the component unreliability function given as
where F RD and F RT denote the unreliability of the diode and the IGBT in the RSC, while F GD and F GT denote the unreliability of the diode and the IGBT in the GSC, j and k denote the number of the power semiconductors used in RSC and GSC. It can be seen that the increase of the paralleled power module helps to improve the reliability of the individual power semiconductor, but it may weaken the system-level reliability due to the increased number of power components. On the basis of (7) and (8), the unreliability curves from the power device to the RSC and GSC can be calculated and it is shown in Fig. 9 . It is obvious that 30-year operation of the GSC gives the damage of 1.42E-4, which is much higher than the most stressed GSC diode of 2.37E-5. In respect to the RSC, 30-year operation of the two, three, and four power modules in parallel consumes the unreliability of 5.67E-1, 6.90E-4, and 5.40E-6, respectively.
Similarly, the reliability of the BTB Power Converter (BTB PC) is the series connection of the RSC and the GSC, and its unreliability curve is calculated in Fig. 10 with different solutions of paralleled power modules in the RSC. In the case of two paralleled power modules, the B 1 lifetime of the power converter system is only 3 years, which is much less than the preferred lifespan of 30 years for the modern standard of wind turbines. If three and four power modules are selected, the B 1 lifetime of the power converter is both higher than 50 years, and the designed 30-year operation contributes to 8.01E-4 and 1.30E-4 lifetime consumption. Since the reliability of other critical components (e.g., dc-link capacitors, gate drivers, etc.) is not taken into account, it is reasonable that the 30-year operation of the power semiconductors consumes less than 1% damage. Consequently, the selection of the three power modules is the most appropriate design seen from a reliability perspective, as the reliability curves between the RSC and the GSC is more balanced, and it closely fulfills the lifetime target. It is noted that the selection of the power modules may be different from a reliability point of view compared to the current margin of power devices, where two paralleled power modules are the best selection.
V. CONCLUSION
A system-level reliability analysis of back-to-back wind power converters used in the DFIG is described in this paper. The mission profile and Weibull distribution based approach is used to investigate the long-term electro-thermal stress profile and time-to-failure distribution of the key power semiconductors. A system-level reliability study of 2 MW wind turbine system is presented with different selections of power modules within the back-to-back power converters. Viewed from a similar margin of the current stress in the GSC and the RSC, their B 1 lifetime deviates significantly. The corresponding lifetime of the back-to-back power converters lasts only 3 years, which is much lower than the industry standard of 30 years. Meanwhile, viewed from a reliability perspective, different selections of power modules can be applied. The B 1 lifetime of the GSC and the RSC are increased and more balanced, which results in an improved system-level reliability.
